Growth hormone receptor (GHR) cDNA and gene of the Japanese flounder (Paralicthys olivaceus) were cloned and their molecular structures were characterized. The 641 amino acid sequence predicted from the cDNA sequence showed more than 75% overall sequence similarity with GHRs of other teleosts such as turbot and goldfish, and contained common structural features of vertebrate GHRs. The extracellular domain of flounder GHR had three pairs of cysteines and an FGEFS motif with a replacement E to D.
Introduction
Growth hormone (GH) plays an essential role in the postnatal growth of vertebrates. The growth promoting effect of GH is mediated by insulin-like growth factor I (IGF-I) mainly synthesized in the liver (Mathews et al. 1986 , Roberts et al. 1986 ). In addition to growth promotion, GH also has well-recognized metabolic/ glucoregulatory actions. These functions of GH are exhibited through GH receptors (GHRs) in target tissues. The GHR is a member of the cytokine/hematopoietin receptor super family containing several common structural features (Kelly et al. 1991 , Kopchick & Andry 2000 . The extracellular domain of this family member contains several pairs of cysteines and a WSXWS motif which is substituted to a YGEFS motif in GHR. In the extracellular domain, there are two conserved regions referred to as box 1 and box 2 which are known to be essential for the signal transduction pathway composed of the Janus kinases (Jak) family and the signal transducer and activation of transcription (STAT) family.
The GHR gene has been extensively characterized in human and mouse. The human GHR gene is composed of 10 exons with at least nine first exons (V1-V9) which encode distinct 5 -untranslated regions (5 -UTRs) (Godowski et al. 1989 , Pekhletsky et al. 1992 , Zou et al. 1997 , Goodyer et al. 2001 . In the mouse GHR gene, four alternative first exons referred to as L1, L2, L3 and L5 have been identified and exons 2-10 are homologous in size and sequence to those in the human GHR gene (Talamantes 1994 , Menon et al. 1995 , Moffat et al. 2000 . In addition, the mouse GHR gene contains two extra exons (4B and 8A) which have no homologs in the human GHR gene (Edens et al. 1994 , Zhou et al. 1994 . Exon 4B is located between exons 4 and 5 and encodes a unique amino acid sequence in the extracellular domain. In mouse and rat, GH-binding protein (GHBP) is generated by alternative splicing of the primary transcript of the GHR gene. The GHBP consists of a GH binding domain identical to that of the GHR and a unique hydrophilic domain at the C-terminal. In the mouse GHR gene, exon 8A encodes the unique C-terminal domain of the GHBP and the 3 -UTR of the GHBP mRNA (Zhou et al. 1994) .
In non-mammalian species, the structural organization of the GHR gene has been reported only in chicken (Agarwal et al. 1994) . The exon structure of the chicken GHR gene is similar to that of the human GHR gene except for the absence of the exon homologous to exon 3 of the human GHR gene. In fish, GHR cDNAs have recently been cloned and characterized in several teleost species such as turbot (Calduch-Giner et al. 2001) , goldfish (Lee et al. 2001) , and seabream (Tse et al. 2003) . However, the genomic structure of fish GHR is not yet elucidated. In this paper, we report the characterization of the GHR gene of the flounder (Paralicthys olivaceus) for the first time in fish.
Materials and Methods

Cloning of flounder GHR cDNA
Total RNA was extracted from the liver of a 12-monthold female flounder with the ISOGEN kit (Nippon Gene, Toyama, Japan), and poly A + RNA was isolated with Oligotex-dT30 (TAKARA, Tokyo, Japan). A cDNA library was prepared from the RNA with the Marathon cDNA amplification kit (CLONTECH, Tokyo, Japan). A cDNA fragment of flounder GHR (fGHR) was amplified by 30 cycles of PCR with ExTaq polymerase (TAKARA). The PCR cycle consisted of 1 min at 94 C, 2 min at 55 C and 3 min at 72 C. A sense primer (5 -AAACC ACACGTCCATTTGGATCCCCTACTG-3 ) and an antisense primer (5 -GCCTTTAATTTTGGGTGCAG GAACTGGTGG-3 ) were designed from a conserved cysteine-rich region in the extracellular domain and the box-1 motif in the cytoplasmic domain of the reported turbot GHR cDNA respectively (Calduch-Giner et al. 2001) . The amplified fragment of fGHR cDNA was cloned into pGEM-T Easy vector (Promega, Tokyo, Japan) and sequenced. The 5 -and 3 -regions of flounder GHR cDNA were cloned from the Marathon cDNA library according to the manufacturer's instructions based on the method of rapid amplification of cDNA ends (RACE) (Frohman 1990 ). An antisense primer (5 -AGT TATGTTCAGGAGGGTCCAGTT-3 ) and a sense primer (5 -TCGGAATCGTGGGCATCCTCATAA-3 ) derived from the cloned flounder cDNA fragment were used for the cloning of 5 -and 3 -regions respectively.
Cloning of the fGHR gene
Genomic DNA was prepared from the kidney of the flounder by the SDS-proteinase K method (Sambrook et al. 1989 ) and subjected to 30 cycles of PCR with the LA PCR kit (TAKARA). Primers were designed from the cDNA sequence to amplify each intron of the GHR gene. The primers used were as follows: primers 1 (sense) and 2 (antisense) for intron 1, primers 3 (sense) and 4 (antisense) for introns 2 and 3, primers 5 (sense) and 6 (antisense) for intron 4, primers 7 (sense) and 8 (antisense) for intron 5, primers 9 (sense) and 10 (antisense) for intron 6, primers 11 (sense) and 12 (antisense) for intron 7, primers 13 (sense) and 14 (antisense) for intron 8, primers 15 (sense) and 16 (antisense) for intron 9. The 5 -flanking region of the flounder GHR gene was amplified by the inverse PCR method (Ochman et al. 1990 ). The kidney genomic DNA was digested with PvuII restriction enzyme (TAKARA) whose recognition site was present at 1·5 kb downstream of exon 1. The genomic fragments were then self-ligated with T4 DNA ligase (TAKARA) and the 5 -region of the flounder GHR gene was amplified by PCR with primers 17 (antisense) and 18 (sense). The amplified genomic fragments were cloned into pGEM-T Easy vector and sequenced. The locations and sequences of primers 1-18 are shown in Fig. 1 .
RNase protection assay
An RNase protection assay was performed by the previously described method (Tanaka et al. 1998) . Briefly, Figure 1 The nucleotide sequence of the flounder GHR gene. Exon and intron sequences are denoted by uppercase and lowercase letters respectively. The deduced amino acid residues are shown in the single-letter code under the exon sequences. Asterisks indicate the stop codon. The numbers above the exon sequences indicate the corresponding positions in the fGHR cDNA sequence, numbering the translation initiation position as +1. The transmembrane domain is shown by a double underline. The box 1 motif in exon 8 and the box 2 motif in exon 9 are indicated by dotted underlines. The FGEFS motif with the replacement of E to D is underlined and the unique sequence in the 3'-truncated GHR is boxed. Positions of primers used in RT-PCR and genomic PCR are indicated by arrows above the genomic sequence. The nucleotide sequence data in this paper will appear in the EMBL/GenBank/DDBJ nucleotide databases with the accession numbers AB058418, AB058418 and AB110986.
appropriate fragments of flounder GHR cDNA and gene were subcloned into pGEM-T Easy vector and RNA probes were synthesized using T7 or SP6 RNA polymerases and [ -32 P]CTP. The RNA probes were hybridized with total RNA or poly A + RNA and digested with RNase A and RNase T1. The protected fragments of the RNA probes were separated by 6% polyacrylamide-7 M urea gel electrophoresis and detected by autoradiography. The intensity of the protected fragments was analyzed by a BAS1000 imaging analyzer (Fuji Photo Co., Tokyo, Japan).
RT-PCR analysis
Total RNAs prepared from tissues of the flounder were reverse transcribed into first strand cDNA using Superscript II reverse transcriptase (GIBCO BRL, Tokyo, Japan) and oligo-dT primer. The 3 -truncated GHR cDNA was amplified by 25 cycles of PCR of 94 C for 40 s, 60 C for 1 min, and 72 C for 3 min using primer 9 (sense) and primer 19 (antisense) (indicated in Fig. 1 ). The amplified cDNA fragment was electrophoresed in a 2% agarose gel and transferred to a nylon membrane. The membrane was prehybridized with yeast RNA (200 µg/ ml) in 50% formamide, 6 SSC (1 SSC: 0·15 M NaCl, 0·015 M sodium citrate) and 0·1% SDS at 42 C for 16 h, and then hybridized with the radiolabeled GHR cDNA at 42 C for 16 h. After washing twice with 2 SSC containing 0·1% SDS at 60 C for 30 min, the membranes were subjected to autoradiography.
Results
Cloning and characterization of flounder GHR cDNA and gene
First, a 571 bp fragment of flounder GHR cDNA was amplified by PCR from a flounder liver cDNA library using a primer pair designed from the reported sequence of turbot GHR cDNA (Calduch-Giner et al. 2001) , and then the 5 -and 3 -regions of the GHR cDNA were cloned by the RACE method. Then, the flounder GHR gene was cloned by PCR from the kidney genomic DNA using primers derived from the GHR cDNA sequence. The nucleotide sequence of the GHR gene covering the entire cDNA sequence is shown in Fig. 1 . The GHR cDNA was 2339 bp long, contained a 1926 bp open reading frame for 641 amino acids, a 276 bp 5 -UTR and a 138 bp 3 -UTR. The GHR cDNA sequence was distributed in 10 exons and all the exon-intron junctions conformed to the GT-AG rule. The lengths of introns 1 and 2 were estimated to be approximately 9·0 and 8·0 kb respectively by agarose gel electrophoresis of the PCR-amplified fragments. Exon 1 contained most parts of the 5 -untranslated region (272 bp out of 276 bp) of the GHR cDNA, and exons 2, 4, 5, 6 and 7 encoded the extracellular domain having the common characteristics for GHR, such as six cysteine residues and the FGEFS motif with the replacement of E to D. Exon 7 encoded the transmembrane domain together with small parts of the extracellular and cytoplasmic domains. The remaining cytoplasmic domain was encoded by exons 8, 9 and 10. Box 1 and box 2 regions were observed in exons 8 and 9 respectively, and the 3 -UTR was encoded in exon 10.
Identification of a 3'-truncated GHR mRNA in the liver
The sequence of the 3 -flanking region of exon 8 showed high similarity to that of the unique 3 -sequence of the reported 3 -truncated variant of turbot GHR cDNA (Calduch-Giner et al. 2001) . In order to examine whether the 3 -truncated GHR variant (GHR-V) is expressed in the liver of flounder, RT-PCR was performed with primer 1 and primer 20 derived from exon 1 and intron 8 respectively (see Fig. 1 ). A 1256 bp GHR cDNA fragment containing the 97 bp sequence of the 3'-flanking region of exon 8 was amplified. The expression level of GHR-V mRNA relative to that of GHR mRNA was examined by RNase protection assay with an RNA probe derived from positions 732-1047 of GHR-V cDNA. As shown in Fig. 2 , a 316-bases protected fragment derived from GHR-V mRNA was detected together with a 179-bases fragment derived from GHR mRNA. The intensity of the 179-bases fragment was 15-fold higher than that of the 316-bases fragment, indicating that GHR-V mRNA was expressed as a minor species in the liver of the flounder.
Tissue distribution of GHR mRNAs
The expression of GHR and GHR-V mRNAs in various tissues of the flounder was examined (Fig. 3) . By RNase protection assay, GHR mRNA was detected in all the tissues examined with relatively higher levels in the liver and muscle, while GHR-V mRNA was not detectable in the RNA sample of any of the tissues (Fig. 3, upper panel) . By RT-PCR analysis, GHR-V mRNA was detected in all the tissues, with higher levels in the liver and ovary, and lower levels in the brain and muscle (Fig. 3, lower panel) .
Cloning and characterization of the 5 -flanking region of the flounder GHR gene
The 5'-flanking region of the flounder GHR gene was cloned from the genomic DNA by the inverse PCR method. Figure 4 shows the nucleotide sequence of the upstream region of the fGHR gene. In order to determine the transcriptional initiation sites of the fGHR gene in the liver, an RNase protection assay was performed with an antisense RNA probe derived from positions 562 to -193 in the GHR gene sequence, numbering the translation start site as +1. As shown in Fig. 4 , three protected fragments were detected with almost the same intensity at positions 90, 100 and 130 bases on the gel. These results indicate that the GHR mRNA is initiated with similar frequency around positions 282, 292, and 322 in the GHR gene.
Discussion
We have cloned and characterized the flounder GHR gene based on the cloned fGHR cDNA sequence. As shown in Fig. 5 , the flounder GHR gene is composed of 10 exons similar to the human GHR gene. Exon 1 in the flounder gene encodes the 5 -UTR of the GHR mRNA, the same as exon 1 in the human GHR gene. Exons 2-6 in the flounder GHR gene encode the extracellular domain including the signal sequence in exon 2, and exon 7 encodes the transmembrane domain. By contrast, the transmembrane region is encoded in exon 8 in the human GHR gene. No extracellular exon in the flounder GHR gene has any significant sequence similarity to any of those exons in the human GHR gene except for exon 5 which shows 62·5% overall sequence similarity to exon 6 in the human GHR gene. Among the six cysteine residues conserved in the extracellular domain, two residues exist in exon 3, and the other four in exon 4 in the flounder GHR gene. These characteristics of exons 3 and 4 in the flounder GHR gene are observed in exons 4 and 5 respectively in the human GHR gene. Consequently, no exon corresponding to exon 3 in the human GHR gene is found in the flounder GHR gene. It has been shown that the region encoded in exon 3 in the human GHR gene is not essential for GH binding (Sobrier et al. 1993 , Urbanek et al. 1993 , Esposito et al. 1994 and that no homologous exon is observed in the chicken GHR gene (Agawal et al. 1994) . The cytoplasmic domain of the flounder GHR is encoded by three exons, 8, 9, and 10, while the corresponding domain of the human GHR is encoded by two exons, 9 and 10. Exon 8 in the flounder GHR gene and exon 9 in the human GHR gene contain the highly conserved box 1 motif and show high sequence similarity (70·6%). In the human GHR gene, the remaining C-terminal part of the cytoplasmic domain and the 3 -UTR are encoded by exon 10, while in the flounder GHR gene, the corresponding regions are encoded in exons 9 and 10. Exon 9 in the flounder GHR gene encodes the box 2 motif and shows a significant sequence similarity (58·9%) to the box 2 motif-containing N-terminal part of exon 10 in the human GHR gene. Exon 10 in the flounder GHR gene encodes the C-terminal part of the cytoplasmic domain together with the 3 -UTR, but has no significant sequence similarity to the corresponding region of exon 10 in the human GHR gene. These findings indicate the divergent process of molecular evolution between mammalian and teleost GHR genes.
In the turbot, a teleost species closely related to the flounder, a 3 -truncated GHR mRNA containing a unique sequence at its 3 -end has been identified by cDNA cloning (Calduch-Giner et al. 2001) . A similar GHR mRNA, GHR-V mRNA, was also identified in the flounder by RT-PCR analysis. GHR-V mRNA contains the 5 -end sequence of intron 8 instead of the sequence of exons 9 and 10. Although the 3 -end of GHR-V mRNA is not defined, the potential polyadenylation signal is observed at 272 bp downstream from the 3 -end of exon 8, suggesting that the 3 -truncated fGHR mRNA is generated by an alternative cleavage/ polyadenylation of the primary transcript from the GHR gene. In mouse and chicken, alternative cleavage/ polyadenylation processes generate GHBP mRNAs (Huang et al. 1993 , Oldham et al. 1993 , Talamantes 1994 , while GHR-V mRNA in the flounder encodes a protein composed of the extracellular domain, the transmembrane domain, the box 1 region of the cytoplasmic domain and a unique C-terminal 26-amino acid sequence. Interestingly, similar structural features are observed in the short form variant of mammalian prolactin receptor (PRL-R) which is known to be generated by alternative splicing mechanisms (Kelly et al. 1991) . In the mouse, the splicing of the box 1-containing exon 9 to one of the multiple exon 11s results in the generation of short form PRL-R mRNAs (Davis & Linzer 1989) . The rat short form PRL-R exhibits a dominant-negative effect on the co-expressing long form PRL-R (Perrot- Applanat et al. 1997) . GHR-V mRNA is expressed in a wide range of flounder tissues, together with GHR mRNA. Although the function of GHR-V is not yet known, it might be involved in modulation of the intracellular signaling of GHR. In mammalian GHR genes, multiple 5 -UTR exons have been cloned and characterized, together with their 5 -flanking regulatory regions (Edens & Talamantes 1998 , Schwartzbauer & Menon 1998 , Kopchick & Andry 2000 , Goodyer et al. 2001 . Among the nine 5 -UTR exons (V1-V9) in the human GHR gene, V2, V3, V5 and V9 are expressed in a wide range of tissues, while the other five 5 -UTR exons are expressed only in the postnatal liver. In the flounder GHR gene, only one 5 -UTR exon was identified by the 5 -RACE analysis of the liver GHR mRNA. Although there is a possibility of the presence of other 5 -UTR exons in the flounder GHR gene, the identified 5 -UTR exon is considered to be the major one expressed in the flounder liver. The RNase protection assay showed three transcription start sites in this 5 -UTR exon. A 76 bp CA repeat is present immediately upstream of the most distal transcription start site, but no TATA box or other binding elements for known transcription factors are found within the 239 bp 5 -flanking region of the GHR gene. The regulatory mechanism for the expression of the flounder GHR gene remains to be elucidated.
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